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ABSTRACT
Recent experimental results on inclusive diffractive scattering and on exclusive vector
meson production are reviewed. The dynamical picture of hard diffraction emerging
in perturbative QCD is highlighted.
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1 Introduction
In hadron-hadron scattering, interactions are classified by the characteristics of the
final states. In elastic scattering, both hadrons emerge unscathed and no other par-
ticles are produced. In diffractive dissociation, the energy transfer between the two
interacting hadrons remains small, but one (single dissociation) or both (double dis-
sociation) hadrons dissociate into multi-particle final states, preserving the quantum
numbers of the associated initial hadron. The remaining configurations correspond
to inelastic interactions.
The most difficult conceptual aspect of diffractive scattering is to provide
a unique and concise definition. This will not be attempted here and diffraction
will be understood as an interaction between projectile and target that generates
a large rapidity gap between the respective final states, which is not exponentially
suppressed.
Diffractive interactions are mediated by the exchange of a colorless object,
with quantum numbers of the vacuum. This definition fits very well the framework
of soft interactions, where diffractive scattering is mediated by the exchange of
the universal Pomeron trajectory (IP ), introduced by Gribov [1]. Ingelman and
Schlein [2] proposed to use diffractive scattering in the presence of a large scale to
establish the partonic content of the Pomeron.
In QCD, the candidate for vacuum exchange with properties similar to the
soft Pomeron is two gluon exchange [3, 4]. As a result of interactions between the two
gluons, a ladder structure develops. In perturbative QCD (pQCD), the properties
of this ladder depend on the energy and scales involved in the interaction, implying
its non-universal character.
Each of the approaches mentioned above leads to definite predictions,
which can be tested in high energy diffractive interactions in the presence of a hard
scale. This has been pursued in ep scattering at HERA and in pp¯ scattering at the
Tevatron. The purpose of this talk is to summarize the recently achieved progress.
2 Kinematics of hard diffractive scattering
The variables used to analyze diffractive scattering will be introduced for deep in-
elastic ep scattering (DIS). Since DIS is perceived as a two-step process, in which
the incoming lepton emits a photon which then interacts with the proton target,
the relevant variables can be readily generalized to pp¯ interactions. A diagram for
diffractive scattering in DIS, where the diffracted state is separated from the scat-
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Figure 1: Schematic diagram for diffractive DIS in ep interactions.
tered proton by a large rapidity gap (LRG), is presented in figure 1 and all the
relevant four vectors are defined therein. The usual DIS variables are the negative
of the mass squared of the virtual photon, Q2 = −q2 = −(k − k′)2, the square of
the center of mass energy of the γ⋆p system, W 2 = (q + p)2, the Bjorken scaling
variable, x = Q
2
2p·q
, which in the Quark Parton Model constitutes the fraction of the
proton momentum carried by the interacting quark, and the inelasticity, y = p·q
p·k
. In
addition to the usual DIS variables, the variables used to described the diffractive
final state are,
t = (p− p′)2 , (1)
xIP =
q · (p− p′)
q · p
≃
M2X +Q
2
W 2 +Q2
, (2)
β =
Q2
2q · (p− p′)
=
x
xIP
≃
Q2
Q2 +M2X
. (3)
xIP is the fractional proton momentum which participates in the interaction with
γ⋆. It is sometimes denoted by ξ. β is the equivalent of Bjorken x but relative to
the exchanged state. MX is the invariant mass of the hadronic final state recoiling
against the leading proton, M2X = (q + p− p
′)2. The approximate relations hold for
small values of the four-momentum transfer squared t and large W , typical of high
energy diffraction.
3 Formalism of diffractive scattering
To describe diffractive DIS, it is customary to choose the variables xIP and t in addi-
tion to the usual x and Q2 in the cross section formula. The diffractive contribution
to F2 is denoted by F
D
2 and the corresponding differential contribution, integrated
over t, is
F
D(3)
2 =
dFD2
dxIP
, (4)
3
The three-fold differential cross section for ep scattering can be written as
d3σDep
d xIPd xdQ2
=
2piα2
xQ4
[
1 + (1− y)2
]
σD(3)r (x,Q
2, xIP ) , (5)
where
σD(3)r = F
D(3)
2 −
y2
1 + (1− y)2
F
D(3)
L . (6)
F
D(3)
L stands for the diffractive longitudinal structure function, which may not be
small. The structure function F2 is related to the absorption cross section of a
virtual photon by the proton, σγ⋆p. For diffractive scattering, in the limit of high W
(low x),
F
D(3)
2 (x,Q
2, xIP ) =
Q2
4pi2α
d2σDγ⋆p
d xIP
. (7)
This relation allows predictions for diffractive scattering in DIS based on Regge
phenomenology applied to γ⋆p scattering. In fact many of the questions that are
addressed in analyzing diffractive scattering are inspired by Regge phenomenology
as established in soft hadron-hadron interactions.
3.1 Regge phenomenology
The scattering of two hadrons, a and b, at squared center of mass energy s ≫
m2a,b, t, is described by the exchange of the universal IP trajectory parameterized
as αIP (t) = αIP (0) + α
′
IP
t. The IP trajectory determines the s dependence of the
total cross section, σtot ∼ s
αIP (0)−1. The ratio of elastic and diffractive to total cross
sections, is expected to rise like sαIP (0)−1. A steep and universal xIP dependence of
the diffractive cross section is expected, dσD/dxIP ∼ x
−(2αIP (t)−1)
IP .
Values of αIP (0) = 1.081 [5] and α
′
IP
= 0.25GeV−2 [6] were derived based
on total hadron-proton interaction cross sections and elastic proton-proton data.
Recently the IP intercept has been reevaluated [7, 8] leading to a value of αIP (0) =
1.096± 0.03.
The positive value of α′
IP
implies that the slope of the t distribution is
increasing with ln s. This fact, borne out by the hadron-hadron and photoproduction
data (for a review and new data see [9]), is known as shrinkage of the t distribution.
It is due to the fact that α′
IP
> 0 and has been explained by Gribov [1] as diffusion
of particles in the exchange towards low transverse momenta, kT , with α
′
IP
∼ 1/k2T
(see also [10]).
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3.2 QCD factorization and diffractive partons
QCD factorization for the diffractive structure function of the proton, FD2 , is ex-
pected to hold [11, 12, 13], while it cannot be proven for hadron-hadron interac-
tions [11]. FD2 is decomposed into diffractive parton distributions, f
D
i , in a way
similar to the inclusive F2,
dFD2 (x,Q
2, xIP , t)
dxIPdt
=
∑
i
∫ xIP
0
dz
dfDi (z, µ, xIP , t)
dxIPdt
Fˆ2,i(
x
z
,Q2, µ) , (8)
where Fˆ2,i is the universal structure function for DIS on parton i, µ is the factoriza-
tion scale at which fDi are probed and z is the fraction of momentum of the proton
carried by the diffractive parton i. Diffractive partons are to be understood as those
which lead to a diffractive final state. The DGLAP evolution equation applies in
the same way as for the inclusive case. For a fixed value of xIP , the evolution in x
and Q2 is equivalent to the evolution in β and Q2.
If, following Ingelman and Schlein [2], one further assumes the validity
of Regge factorization, FD2 may be decomposed into a universal IP flux and the
structure function of the IP ,
dFD2 (x,Q
2, xIP , t)
dxIPdt
= fIP/p(xIP , t)F
IP
2 (β,Q
2) , (9)
where the normalization of either of the two components is arbitrary. It implies that
the xIP and t dependence of the diffractive cross section is universal, independent of
Q2 and β, and given by
fIP/p(xIP , t) ∼
(
1
xIP
)2αIP (0)−1
e(b
D
0
−2α′
IP
lnxIP )t , (10)
one of the expectations which is subject to experimental tests.
The mechanism for producing LRG is assumed to be present at some scale
and the evolution formalism allows to probe the underlying partonic structure. The
latter depends on the coupling of quarks and gluons to the Pomeron.
4 Measurements of FD2 at HERA
At HERA the diffractive candidate events are selected either by requiring a large
rapidity gap [14, 15], or by requiring a leading proton [16]. The various analyzes
differ in the way the non-diffractive contributions are treated and in the way the
proton dissociative events are subtracted. The comparison between the various
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Figure 2: Left: comparison of xIPF
D(3)
2 measured by H1 [14] and ZEUS [16, 15]
as a function of xIP in overlapping bins of β and Q
2. Right: Q2 dependence of
λ = αIP (0)− 1 fitted to the measurements of F2 and F
D
2 of the proton, as denoted in
the figure.
measurements is shown in figure 2. The xIP dependence of F
D(3)
2 , in the region of
xIP < 0.01, is expected to be dominated by IP exchange. The corresponding values
of (αIP (0)− 1) are shown as a function of Q
2 in figure 2. A dependence of αIP on Q
2
cannot be excluded, however the errors are large enough, so that a constant value
of αIP (0) fits the data. However averaged over the whole Q
2 range the value of αIP is
definitely larger than the intercept of the soft Pomeron. In addition, the diffractive
αIP (0)−1 value is only half of that for inclusive F2 measurements, also shown in the
figure. This means that the ratio of diffractive to total γ⋆p cross sections is constant
with W . Those are indications that the connection of diffractive DIS to the simple
soft IP picture is not straight forward.
4.1 Diffractive parton distributions
The H1 measurements of F
D(3)
2 [14], which cover by far the largest phase space, have
been used to perform a QCD evolution fit to extract diffractive parton distribution
functions (DPDF). The results of the fit are shown in figure 3. A very good descrip-
tion of the data is obtained, provided the parton distributions are dominated by
gluons, which carry about 80% of the momentum of partons leading to diffractive
events. This latest extraction of DPDFs by H1 is called H1 2002 DPDFs.
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Figure 3: Comparison of NLO QCD fit with the measurements of σDr after dividing
out the flux term. Left, the scaling violation in bins of β; right, the β distribution
in bins of Q2.
4.2 Tests of QCD factorization
QCD factorization can be tested in high transverse momenta, pT , jet production in
γ⋆p, γp and pp¯ diffractive production.
If factorization holds, the cross section for production of jets [17] and
charm [18, 19] in γ⋆p should be well reproduced by NLO calculations with DPDFs,
extracted from structure function measurements. This is indeed the case as demon-
strated in figure 4.
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Figure 4: Left: distribution of zjetsIP , the estimate of the diffractive parton momentum
fraction of IP , for dijet production. Right: the xIP distribution for diffractive events
containing charm in the final state.
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QCD factorization breaking is observed in hard diffractive scattering in pp¯.
Measurements [20] of two jet production accompanied by the presence of a leading
anti-proton have been used to extract the effective diffractive structure function for
two jet production FDJJ , which can then be compared with the expectations from
DPDF extracted at HERA. As shown in figure 5, even for the H1 2002 DPDFs, where
the abundance of gluons is lesser compared to earlier DPDFs [21], the expectations
are by about a factor 10 above the measurements. It should be stressed however,
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Figure 5: Effective diffractive structure function for dijet production in pp¯ interac-
tions as a function of β, compared to expectations of different sets of DPDFs: left,
for single Pomeron exchange, right, double Pomeron exchange.
that the range of ξ (that is xIP ) covered by the pp¯ measurements is beyond the range
probed by the H1 data, from which the DPDFs originate. In extrapolating the H1
parameterization into this high ξ region, the Reggeon contribution is estimated to
be of the order of 30 to 40%.
A lesser QCD factorization breaking is observed for diffractive dijet pro-
duction in pp¯ events in which both baryons remain unscathed - the so called double
Pomeron exchange (DPE) process [22]. Compared to expectations, the rate of dijet
production is only by about factor two less abundant. This is shown in figure 5.
Effects of factorization breaking are also expected for quasi-real γp interac-
tions, due to the presence of the resolved photon component. The measurements of
diffractive dijets by the H1 experiment have been compared to NLO calculations [24]
based on the H1 2002 DPDFs. As shown in figure 6, a good agreement with data is
obtained if the resolved photon contribution is suppressed relative to the direct con-
tribution. The factor 0.34 that multiplies the resolved component in the calculation
was motivated by the recent work of Kaidalov et al. [25].
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Figure 6: Distribution of the fraction of the photon momentum involved in the hard
scattering leading to two jet production, xjetsγ , for the diffractive ep → 2jets +X
′ +
Y reaction, compared to NLO calculations without (R = 1) or with (R = 0.34)
suppression of the resolved photon contribution. X ′ denotes the diffracted system
accompanying the two jets, separated by a large rapidity gap from the proton or its
dissociative state Y .
5 Unitarity and the dipole picture
Kaidalov et al. [25] investigated what fraction of the gluon distribution in the proton
leads to diffractive final states. The ratio of diffractive to inclusive dijet production
cross sections as a function of x of the gluon, for different hard scattering scales and
for the H1 2002 DPDFs is presented in figure 7. This ratio should be smaller than
R = diffractive/inclusive  dijet production
xg
Pumplin bound
m
2
=6.5 GeV2
15 GeV2
90 GeV2
Figure 7: The ratio of diffractive to inclusive dijet production cross section as a
function of x of the gluon for different scales of the hard scattering, for the H1 2002
DPDFs. Also shown is the unitarity limit, called Pumplin bound.
0.5 [26], while for scales µ2 = 15GeV2 this limit is exceeded for x = 10−4. This
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indicates that unitarity effects may already be present in diffractive scattering and
may explain why the rise of diffractive scattering cross section withW is slower than
expected (see section 4).
5.1 The dipole picture
The dynamics behind diffractive DIS can be easier understood if the process is
viewed in the rest frame of the proton. The virtual photon develops a partonic
fluctuations, whose lifetime is τ = 1/2mpx [27]. At the small x typical of HERA,
where τ ∼ 10− 100 fm, it is the partonic state rather than the photon that scatters
off the proton. If the scattering is elastic, the final state will have the features of
diffraction.
The fluctuations of the γ⋆ are described by the wave functions of the trans-
versely and longitudinally polarized γ⋆ which are known from perturbative QCD.
Small and large partonic configurations of the photon fluctuation are present. For
large configurations non-perturbative effects dominate in the interaction and the
treatment of this contribution is subject to modeling. For a small configuration of
partons (large relative kT ) the total interaction cross section of the created color
dipole on a proton target is given by [28, 29]
σqq¯p =
pi2
3
r2αS(µ)xg(x, µ) , (11)
σqq¯gp ≃ σggp =
9
4
σqq¯p , (12)
where r is the transverse size of the color dipole and µ ∼ 1/r2 is the scale at which
the gluon distribution g of the proton is probed. The corresponding elastic cross
section is obtained from the optical theorem. In this picture, the gluon dominance
in diffraction results from the dynamics of perturbative QCD (see equation (12)).
Models of diffraction that follow this approach are quite successful in de-
scribing both the inclusive F2 and the diffractive F
D
2 measurements, where the for-
mer are used to parameterize the dipole-proton cross section. An example taken
from [30] is shown in figure 8. It is interesting to note that the two models [33, 34]
which predict a relatively mild increase of F
D(3)
2 with decreasing xIP are the ones
which explicitly include effects of unitarization through saturation of cross sections
for large size dipoles. The saturation scale is increasing with increasing W . The
dynamical origin of this form of saturation can be derived from a new form of QCD
matter, called color gluon condensate [35]. In this approach, the data suggest that
the saturation scale Qs > 1GeV
2 for x < 10−4.
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Figure 8: Comparison of dipole models from [30], McDermott, Sandapen and
Shaw [31] (dashed), Forshaw, Kerney and Shaw [32] (dotted), Golec-Biernat and
Wuesthoff [33] (dahed-dotted) and Iancu, Itakura and Munier [34] (continuous) with
xIPF
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2 measurements.
6 Exclusive processes in DIS
The presence of small size qq¯ configurations in the photon can be tested in exclusive
vector meson (VM) production as well as for deeply inelastic Compton scattering.
At high energy (low x) and in the presence of a large scale (large Q2 or heavy flavor),
these reactions are expected to be driven by two-gluon exchange.
A closer look at the theory of exclusive processes in QCD shows that the
two partons taking part in the exchange do not carry the same fraction of the proton
momentum. That makes these processes sensitive to correlations between partons,
which are encoded in the so-called generalized parton distributions, GPDs [36].
These new constructs relate in various limits to the parton distributions, form fac-
tors and orbital angular momentum distributions. The motivation behind studies
of exclusive processes is to establish the region of validity of pQCD expectations
and ultimately to pursue a full mapping of the proton structure, which cannot be
achieved in inclusive measurements.
6.1 Vector meson production
The cross section for the exclusive processes is expected to rise withW , with the rate
of growth increasing with the value of the hard scale. A compilation of logarithmic
derivatives δ = d log σ(γ⋆p)/d logW , for ρ [37, 38], φ [39, 40] and J/ψ [41, 42]
exclusive production, as a function of the scale defined as Q2 +M2V , where MV is
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the mass of the VM, is presented in figure 9. With decreasing transverse size of
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Figure 9: Left: logarithmic derivatives δ = d log σ(γ⋆p)/d logW as a function of
Q2+M2V for exclusive VM production. Right: exponential slope of the t distribution
measured for exclusive VM production as a function of Q2 +M2V .
the dipole, the t distribution is expected to become universal, independent of the
scale and of the VM. The exponential slope of the t distribution, b, reflects then
the size of the proton. A compilation [37, 38, 39, 40, 41, 42] of measured b values
is presented in figure 9. Around Q2 +M2V of about 15GeV
2 indeed the b values
become universal.
Another important manifestation of the perturbative nature of exclusive
processes, related to the universality of the t distribution, is that the slope, α′
IP
, of
the corresponding Regge trajectory should become small. The parameters of the
effective Regge trajectory can be determined in the study of the W dependence of
the differential cross section for exclusive processes at fixed t. The results obtained
for exclusive vector meson production [9, 37, 39, 41, 43] are compiled in figure 10.
α
’
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-
2 )
α
IP
(0)
Figure 10: Compilation of αIP (0) (dots) and α
′
IP
(open squares) values, extracted in
exclusive VM production, as a function of Q2 +M2V .
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6.2 Deeply virtual Compton scattering
The deeply virtual Compton scattering (DVCS) process, γ⋆p→ γp, has been advo-
cated as one of the exclusive processes for which theoretical calculations are free of
uncertainties due to hadronic wave function uncertainties [44]. In addition, the in-
terference of the DVCS and QED Bethe-Heitler amplitudes for prompt γ production
is proportional to the real part of the QCD amplitude, which in turn is sensitive to
GPDs.
The extraction of the DVCS cross section in ep scattering has been per-
formed by the H1 [45] and ZEUS [46] experiments. A clear rise of the DVCS cross
section with W has been observed [45, 46] as shown in figure 11. A comparison of
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Figure 11: The DVCS cross section, σ(γ⋆p→ γp) as a function of W (left) for fixed
Q2 and as a function of Q2 for fixed W (right).
the DVCS cross section dependence on W and Q2 with two approaches, one based
on the dipole model [47] and the other on NLO evolution of GPDs with postulated
initial conditions [48], is shown in figure 11. A good agreement with data is obtained.
6.3 Large t exclusive processes
Diffractive production of VM or prompt γ at large values of t accompanied by
proton dissociation, form another class of interactions which are of interest for un-
derstanding the high energy regime of pQCD. The large value of t accompanied
by a large rapidity gap, suggests the applicability of the leading logarithmic BFKL
dynamics [49].
The t distribution for the process γp → γY [51], where the LRG sepa-
rates the photon from the dissociated proton state Y is shown in figure 12. The t
distribution is well represented by calculations based on leading logarithmic BFKL
approximation [49].
The BFKL approach also describes well the W dependence of the cross
section for exclusive J/ψ production at large t, while expectations based on the
13
10
-1
1
10
10 2
50 100 200
Wγp [GeV]
σ
(γp
 →
 
J/
ψY
) [
n
b]
2 < |t| < 5 GeV2
5 < |t| < 10 GeV2
10 < |t| < 30 GeV2
BFKL LL          (fixed αs)
BFKL LL + NL (fixed αs)
DGLAP LL
H1
Figure 12: Left: distribution of t at the proton vertex in the process γp→ γY . The
lines represent theoretical expectations based on BFKL, as described in the figure.
Right: W dependence of σ(γp→ J/ψY ) in bins of t measured at the proton vertex.
The lines represent theoretical expectations based on the BFKL or DGLAP dynamics,
as described in the figure.
leading logarithmic DGLAP dynamics fail to describe the observed dependence for
t > 5GeV2. This is shown in figure 12. This is yet another indication that the
DGLAP dynamics, which is successfully used to describe the measurements of F2
at HERA [54, 55], may not be sufficient to describe all the features of DIS at high
energy.
7 Exclusive states in pp¯ interactions
The exclusive diffractive production of the Higgs boson has been proposed [56] as a
potential background-free method to search for the light Higgs at LHC. A process
similar to exclusive Higgs production is the exclusive χ0c production, for which at
the Tevatron the cross section is predicted to be about 600 nb [56]. The diagram
corresponding to the proposed diffractive process is shown in figure 13. The CDF
experiment [57] has searched for the exclusive process pp¯ → p + J/ψ + γ + p¯ and
the invariant mass of the dimuon-photon system for candidate events is shown in
figure 13. Under the assumption that all found events originate from exclusive
χ0c production, the measured cross section was estimated to be 50 ± 18(stat) ±
39(syst) pb, which is far from the expected number.
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Figure 13: Left: diagram for exclusive χ0c production in pp¯ scattering. Right: invari-
ant mass distribution of the candidate exclusive J/ψ(µ+µ−)γ system.
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